Cembrero Coca, P.; Mollar García, MA.; Singh, K.; Marí Soucase, B. (2013). Effective electrochemical n-type doping of ZnO thin films for optoelectronic window applications. Journal of Solid State Electrochemistry. 2(7):Q108-Q112. doi:10.1149/2.023307jss. An effective n-type doping of ZnO thin films electrochemically synthetized was achieved by varying the chloride ion concentration in the starting electrolyte. The ratio between chloride and zinc cations was varied between 0 and 2 while the zinc concentration in the solution was kept constant. When the concentration of chloride in the bath increases an effective n-type doping of ZnO films takes place. n-type doping is evidenced by the rise of donors concentration, obtained from Mott-Schottky measurements, as well as from the blueshift observed in the optical gap owing to the Burstein-Moss effect. 
perature. Temperatures around 900-1100
• C are the most frequently In this paper a systematic study of the electrodeposition of n-type 67 Cl − doped ZnO thin films is presented and the influence of the chloride 68 concentration introduced in the electrolyte on the optoelectronic prop-69 erties of the deposited films is described. X-ray diffraction (XRD), 70 Scanning Electron Microscope (SEM), optical properties and elec-71 trochemical impedance spectroscopy measurements (Mott-Schottky) 72 have been used to assess the shallow donors concentration into ZnO:Cl 73 films. The increase of the free carrier concentration results in a partial 74 filling of the conduction band and then in a blueshift of the apparent 75 bandgap explained by the Burstein-Moss effect.
76

Experimental
77
ZnO films were electrodeposited from DMSO solutions containing 78 always a constant concentration (25 mM) of Zn 2+ . Zn 2+ cations were 79 obtained by dissolving two different types of salts, chlorides and 80 perchlorates. ZnCl 2 (Merck, reagent grade) and Zn(ClO 4 ) 2 *6H 2 O 81 (Aldrich, reagent grade) were used to prepare solutions in such a way 82 that the ratio between chloride and zinc ions was varied while the zinc 83 concentration was kept constant, as shown in Table I . 0.1 M KClO 4 84 (Sigma-Aldrich, reagent grade) was used as a supporting electrolyte. 85 The bath solution was saturated by oxygen gas bubbling through the 86 electrolyte.
87
The electrodeposition process of ZnO was carried out in a three-88 electrode electrochemical cell. Glass slides of about 1 × 2 cm coated 89 with F-doped SnO 2 (FTO) and sheet resistance of ∼10 · square were 90 used as working electrode. Previously, the substrate was cleaned with 91 soap water, rinsed with acetone and finally cleaned ultrasonically in 92 ethanol. Pt counter electrode and Ag/AgCl (KCl 3M) reference elec-93 trode (+210 mV vs Normal Hydrogen Electrode, NHE) were used. 94 AutoLab PGStat 302N potentio/galvanostat was used for maintaining 95 a constant potential (V = −0.9 V) during the electrodeposition pro-96 cess. The temperature of the bath was kept constant at 80 ± 0.5
• C. 97 ZnO films with thicknesses of about 700 and 1400 nm were obtained 98 for deposited charges of −1C and −2C, respectively.
99
Characterization.-The compositions of the films were studied 100 using a Scanning Electron Microscope (SEM, JEOL-JSM6300) oper-101 ating at 20 kV, coupled to an Energy Dispersive Spectroscopy (EDS) 102 detector.
103
The structural properties of these films were characterized by 104 X-ray diffraction (XRD, Rigaku Ultima IV diffractometer) in Bragg-105 Brentano configuration using a CuK α radiation (λ = 1.5418 Å). The 106 diffraction pattern was scanned by steps of 0.02 (2θ) between 25
• 107 and 70
• . The EDX analysis reveals that the doping of Cl atomic concentra-161 tion ranges from 0.7% to 5% for a pure perchlorate electrolyte to pure 162 chloride electrolyte. The detection of chlorine in the material, even if 163 no ZnCl 2 is added to the electrolyte, shows that perchlorate ions can 164 also act as a source of chloride. But this effect is much weaker than 165 that of adding chloride ions in the bath. The atomic concentration of 166 chlorine in the film increases as a function of chloride concentration 167 in the bath. The samples were cleaned with deionized water directly 168 after the growth in order to eliminate eventual chloride salt traces on 169 film surfaces. So the EDX measurements are expected to show the 170 incorporation of chlorine atoms into the ZnO bulk. the slope of this curve, using the equation:
108
Where C is the capacitance of the space charge region of the film at Mott-Schottky plots are related to Mott-Schottky behavior for a 204 small linear potential region between −0.35 and −0.15 V. In the 205 region between −0.35 and 0.25 V, the overall capacitance decreased 206 (increase in 1/C 2 ) with increasing film thickness. This is the mark of 207 a n-type semiconductor behavior when the applied potential is shifted 208 to cathodic values. The non-linear behavior of plots from −0.35 V 209 to 0.25 V may be a due to the some assumptions made during the 210 derivation of Mott-Schottky equation are severe. As can be seen from 211 SEM pictures of grown films that there are small grains over the 212 compact films, those cause the non-uniform potential gradients and 213 varying space charge region dimensions through the thickness of the 214 collection of grains within the film. 
233
In order to check the changes in the conductivity of ZnO:Cl layers 234 we have measured their sheet resistance by using a four points probe. 235 We found that the sheet resistance varies from 9.7 · square for FTO 236 to 5.4 · square for the most doped ZnO:Cl sample. Even if this is an 237 approximate method for obtaining the sheet resistance because there 238 are two conductive layers and it is not possible to know accurately 239 the contribution of each layer, the measures can always be compared 240 among them.
The flatband potential is shifted to more cathodic values when the 242 chlorine concentration is increased in the electrolyte and this phe-243 nomenon is also related to the evolution of the free carrier concen-244 tration in the material. The flatband potential becomes more neg-245 ative as the doping level increases and this fact can be explained 246 as a shift of the Fermi level in the semiconductor, approaching 247 the conduction band as the doping level increases. The increase 248 in the free electron concentration results in a higher surface barrier in 249 the semiconductor-electrolyte interface and then in a larger flatband 250 potential.
251
In order to better show the linearity of the doping with Cl in film leads to higher transmittance.
271
The optical bandgap energy (Eg) is an intrinsic property of the 272 semiconductor and estimated from optical absorption measurement.
273
The optical transmittance spectra for the thin films recorded over 274 wavelength range 350-700 nm at room temperature. The optical ab-275 sorption data are analyzed using the following classical relation: where, Eg is the separation between bottom of the conduction band 277 and top of the valence band, h is the photon energy and n is order. 278 Value of n depends on the probability of transition; it takes values as 279 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed 280 and indirect forbidden transitions, respectively. Thus, if plot of (αhv) 2 281 versus (hv) is linear the transition is direct allowed. Extrapolation of 282 the straight-line portion to zero absorption coefficient (α = 0), leads to 283 estimation of Eg value (Table III , column d). Figure 6 shows variation 284 of (αhv) 2 as a function of photon energy hv.
285
With increasing Cl − content, the absorption edge shifted slightly 286 toward lower wavelength region, which means higher bandgaps. The 287 shift of optical bandgap is related to the Burstein-Moss (BM) effect 37 288 and provides a direct evidence of the doping effect of chloride in 289 ZnO:Cl films.
290
The Burstein-Moss effect is attributed to the occupation of the 291 conduction band from the electrons coming from the valence band. 292 BM effect shifts the optical absorption edge giving a higher effective 293 bandgap as a result of the longer distance between unoccupied states 294 of the conduction band and the top of the valence band.
295
The effective optical gap (E g ) can be calculated as the sum of the 296 optical gap for the intrinsic material (E g0 ) and the increment of the 297 gap due to the BM effect ( E BM ).
The BM model in n-type semiconductor with parabolic band is 299 given by the equation:
Where h is Planck's constant, m * is the effective mass of the electron 301 and n is the electron free carrier concentration. So, if we define the compensation ratio as the ration between acceptors and donors;
the free electron concentration can be written as:
The effect of donor-acceptor compensation has also been displayed 
